. Properties of the Arg376 residue of the proton-coupled folate transporter (PCFT-SLC46A1) and a glutamine mutant causing hereditary folate malabsorption.
reduced folate carrier; folate receptors; heme carrier protein-1; folate deficiency; folate transport; intestinal folate absorption; choroid plexus THIS LABORATORY RECENTLY CLONED the proton-coupled folate transporter (PCFT) and established its critical role in intestinal folate absorption with the identification of loss-of-function mutations in this gene in six families with hereditary folate malabsorption (HFM) (18, 32) . Since then, another four cases of HFM with mutations in the PCFT gene have been reported (1, 2, 12, 16, 17) . HFM is characterized by both impaired intestinal folate absorption and impaired folate transport into the central nervous system (7, 14) . The latter is due to a transport defect at the blood:choroid plexus:cerebrospinal fluid (CSF) barrier (31, 33) .
Transport mediated by PCFT is electrogenic (18, 19, 22) and is accompanied by proton cotransport and cellular acidification (23) . There is a characteristic pH profile in which influx is optimal at a pH of 5.5 and decreases to a low level at physiological pH. Under the latter condition, when a pH gradient is absent, transport is sustained at least in part by the voltage gradient across the cell membrane (18, 19, 22) . This decline in transport as the pH is increased is due to both a rise in the influx K m and a fall in influx V max that is substrate dependent and substantial for methotrexate (MTX) and folic acid. This change is much more modest for pemetrexed, a new-generation antifolate recently approved for the treatment of lung cancer and mesothelioma (5, 34) . The identification of PCFT residues that play key roles in folate and proton binding, and proton coupling, is emerging based on site-directed mutagenesis (23, 24) . Mutations that are the basis for HFM also have the potential for providing valuable insights into residues that are critical to function. Recent studies have established a PCFT secondary structure consisting of 12 transmembrane domains, with both NH 2 and COOH termini located within the cytoplasm, along with a disulfide bond linking cysteine residues in the first and fourth extracellular loops (19, 25, 35) .
Recently, we studied a patient with HFM whose disorder was due to substitution of a Gln for an Arg at position 376 within the predicted 10th transmembrane domain of PCFT. This mutation allowed sufficient residual activity to permit a detailed characterization of the functional defect. This was the same PCFT residue that was mutated in a patient with HFM reported earlier from this laboratory (32) . However, in that case, the substituted amino acid was Trp and the functional loss was too profound to allow characterization. This paper addresses the role of this residue, and the impact of the R376Q mutation along with other mutations at this site, on PCFT transport properties reflected in radio-tracer folate fluxes in HeLa cells and electrophysiological measurements in Xenopus oocytes. (29) . Unlabeled pemetrexed was obtained from Eli Lilly and purified by liquid chromatography. Unlabeled 5-MTHF and 5-FTHF were obtained from Schircks Laboratories (Jona, Switzerland).
MATERIALS AND METHODS

Chemicals
Cell lines and culture conditions. The HeLa R1-11 cell line was utilized as the transfection recipient for analysis of the functional properties of wild-type PCFT and the various mutant PCFT constructs. This cell line lacks genomic reduced folate carrier (RFC) and does not constitutively express PCFT, due to methylation of the promoter (6, 30, 34) . These cells were maintained in RPMI-1640 medium containing 10% fetal bovine serum, 100 U/ml penicillin, and 100 g/ml streptomycin at 37°C in a humidified atmosphere containing 5% CO 2. Identification of the PCFT mutation in a patient with HFM. This study was approved by the Albert Einstein College of Medicine's Clinical Committee of Investigation (CCI no. 2006-279). Informed consent was obtained from the patient and family members in accordance with the Declaration of Helsinki. Peripheral blood samples were collected, and genomic DNA was extracted using the Gentra Systems purification kit (Minneapolis, MN). The primers and conditions for polymerase chain reaction were reported previously (18) . PCFT genomic fragments that contain exons and flanking introns were purified on 1% agarose gels and sequenced on an ABI 3730 DNA analyzer (Applied Biosystems, Foster City, CA) at the Albert Einstein Cancer Center Genomics Shared Resource.
Generation of expression vectors for PCFT mutants by site-directed mutagenesis. An expression vector that expresses COOHterminal-hemagglutinin (HA)-tagged wild-type PCFT was reported previously (25) . DNA constructs containing various substitutions at the R376 residue (R376Q, R376W, R376C, R376E, R376A, R376H, or R376K) were generated with the QuickChange II XL Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA). In each instance, the entire PCFT coding region was sequenced to verify the presence of the desired mutation and absence of polymerase-generated errors.
Transient transfection. HeLa R1-11 cells were seeded in 20 ml Low Background glass scintillation vials (Research Products International, Prospect, IL). When cells reached ϳ60% confluence, transient transfection of wild-type PCFT, mock (vector alone), or one of the PCFT mutant constructs (0.8 g DNA/vial) was performed using Lipofectamine 2000 Reagent (Invitrogen, Carlsbad, CA, 3 l/vial) according to the manufacturer's protocol.
Transport assay. Forty-eight hours following transient transfection, cells were washed twice with HBS buffer (20 mM HEPES, 140 mM NaCl, 5 mM KCl, 2 mM MgCl2, and 5 mM glucose, pH 7.4). Cells were then incubated in a 37°C water bath in this buffer for 20 min following which the buffer was aspirated and transport was initiated by addition of 0.5 ml prewarmed buffer, adjusted to the desired pH, which contained the tritiated folate or antifolate. HBS buffer was utilized for pH Ն 7, whereas MBS buffer (20 mM MES, 140 mM NaCl, 5 mM KCl, 2 mM MgCl2, and 5 mM glucose) was used for pH Ͻ 7. Uptake was halted after 1 min by addition of 5 ml ice-cold HBS buffer, and vials were kept on ice. Adherent cells in the vials were washed three times with 5 ml ice-cold HBS buffer and digested by the addition of 0.5 ml of 0.2 M NaOH and incubation at 65°C for 45 min. Radioactivity in 0.4 ml of this solution was measured on a liquid scintillation spectrometer, and the protein level in 10 -20 l was determined by the BCA protein assay (Pierce, Rockford, IL). Influx is expressed as pmol tritiated substrate · mg protein Ϫ1 · min Ϫ1 . Electrophysiological analysis. Xenopus oocytes were utilized to assess currents associated with folate transport. Wild-type or R376Q-PCFT cRNA (50 nl of 0.5 g/l, i.e., 25 ng) or water (50 nl) was injected into stage V/VI oocytes, and electrophysiological measurements were made 3-5 days later. These procedures and the electrical configuration were the same as described previously (4, 23) . As with the divalent metal transporter, DMT1, oocytes were voltage clamped to Ϫ90 mV to maximize folate-induced currents (8, 13). Oocyte solutions were pH adjusted using Tris (pH 7.5) or MES (pH 5.5).
During these experiments, oocytes were continuously perfused with solutions (with and without folates as indicated) at 5 ml/min. For studies of current as a function of substrate concentration (kinetics), oocytes were exposed to pH 5.5 solution followed by a pause to allow the current to stabilize. The oocyte was then exposed to the test folate substrate at pH 5.5 for 2-3 min. Following this, the oocytes were again perfused with pH 5.5 buffer alone for 2-3 min before exposure to the next concentration of substrate. The current measurement obtained with the substrate was subtracted from the baseline current measured at pH 5.5 without substrate. Kinetic parameters (Km) and maximum current (Imax) were calculated on the basis of the MichaelisMenten equation.
Assessment of PCFT expression levels in the crude membrane fraction and on the cell surface. Wild-type PCFT and all mutants were HA-tagged at the C-terminus. PCFT expression in the crude membrane fraction was assessed by Western blot using an anti-HA antibody (see below). PCFT biotinylation and the pull-down assay were described previously (24) . Briefly, HeLa R1-11 cells were transiently transfected with equal amounts of DNA, with empty vector (mock), wild-type PCFT, or its substituted mutant constructs in six-well plates. Western blot analysis performed after biotinylation of PCFT accessible at the cell surface followed by streptavidin pull-down. The data in both top and middle panels are representative of five Western blots. There was some variability in R376Q PCFT levels in the crude membrane preparations and biotinylation at the cell surface among the experiments. In several cases, expression was comparable to that of wild-type PCFT. Bottom: Western blot following dilution of the wild-type PCFT pull-down sample to more accurately quantify, by comparison, levels of the mutant R376Q PCFT. Ten microliters of the biotinylated wild-type PCFT protein fraction (shown in middle panel) was added to 10, 30, and 70 l (1:2, 1:4, and 1:8 dilution, respectively) of 2ϫ SDS-loading buffer, and an equal volume of the samples was analyzed by Western blot analysis.
Two days later, cells were incubated with EZ-Link Sulfo-NHS-LCBiotin (Thermo Scientific, Rockford, IL, 1 mg/ml) in PBS (pH 8.0) at room temperature for 30 min. The cells, on ice, were treated with 0.7 ml hypotonic buffer [0.5 mM Na 2HPO4 and 0.1 mM EDTA (pH 7.0)] containing protease inhibitor (Roche, Indianapolis, IN) and were then scraped from the plates. The crude membrane fraction was pelleted by centrifugation at 4°C and resuspended in 0.4 ml ice-cold lysis buffer [50 mM Tris base, 150 mM NaCl, 1% NP-40, and 0.5% sodium deoxycholate (pH 7.4)] containing protease inhibitors. After centrifugation, 25 l of the supernatant was stored for Western blot analysis of the crude membrane fraction, and the remaining supernatant was mixed on a rotator with 50 l of streptavidin-agarose beads in suspension (Thermo Scientific) overnight at 4°C. The streptavidinagarose beads were washed four times, each for 20 min, with 0.5 ml lysis buffer before the proteins were eluted from the beads by heating for 5 min at 95°C in 2ϫ SDS-PAGE loading buffer containing dithiothreitol (DTT).
For Western blot analysis, samples were resolved on 12.5% SDS-PAGE. Proteins eluted off the beads (see previous step) were loaded directly on gels while the crude membranes were mixed (1:1) with DTT-containing 2ϫ SDS-PAGE sample loading buffer at room temperature before loading on gels. Proteins were transferred to Amersham Hybond membranes (GE Healthcare, Piscataway, NJ) which were first blocked with 10% dry milk in TBST (20 mM Tris, 135 mM NaCl, and 1% Tween 20, pH 7.6) overnight and then probed for 2 h with a rabbit anti-HA antibody (no. H6908, Sigma) at a dilution of 1:5,000 in TBST containing 0.1% dry milk. The membranes were probed again with anti-rabbit IgG-horseradish peroxidase conjugate (Cell Signaling Technology) in TBST at a 1:5,000 dilution and agitated on a shaker. The blots were developed with Amersham ECL Plus reagent (GE Healthcare) and exposed to autoradiography film (Denville Scientific, Metuchen, NJ). For actin loading control, the blot was first probed with rabbit ␤-actin antibody (Cell Signaling Technology), then incubated in stripping buffer (100 mM 2-mercaptoethanol, 2% SDS, and 62 mM Tris-Cl, pH 6.7) and reprobed with the anti-HA antibody.
Statistical analyses. Influx kinetic parameters (K m and Vmax), determined with tritiated substrates, were obtained from a nonlinear regression of influx as a function of extracellular folate/antifolate concentration according to the Michaelis-Menten equation. Values indicated are means Ϯ SE from at least three independent experiments. Statistical comparisons were performed by a one-tailed unpaired Student's t-test, one-way ANOVA, Tukey's pairwise comparisons, or two-way ANOVA and the Bonferroni test. The significant difference level was set at P Յ 0.05. All statistical analyses utilized GraphPad PRISM (version 3.0 for Windows) and Minitab software (version 11.2 for Windows).
RESULTS
The impact of amino acid substitutions at the Arg376 residue on PCFT expression and accessibility at the cell surface. As described in the Supplemental Material (available online at the Journal website), a subject with HFM was identified with a homozygous mutation (position C.1127 GϾA, based on NM_080669) located on exon 3 of the pcft gene resulting in a Gln for Arg substitution at the 376th amino acid residue located within the 10th transmembrane domain. To assess the impact of the R376Q mutation and the role of this residue, PCFT constructs were made that encompassed this and a variety of other substitutions with amino acids of different charge, polarity, and size. These included the R376W mutant reported earlier in another subject with HFM (32) . First, the stability of these proteins and their trafficking to the cell surface was assessed. Wild-type and mutated PCFT constructs containing an HA epitope at the COOH terminus were transfected in HeLa R1-11 cells that lack genomic RFC and PCFT expression. Figure 1 illustrates one of five independent analyses assessing expression of the various mutant proteins in crude membrane preparations and on the plasma membrane. It can be seen that all mutants except R376Q were expressed at levels comparable to PCFT in crude membrane preparations (Fig. 1,  top, upper bands) . Expression of the R376Q mutant was lower than that of the wild-type PCFT and other mutants. This pattern was also seen in the Western blot analysis performed after biotinylation of PCFT followed by streptavidin pull-down (Fig.  1, middle) . To more accurately compare expression of the wild-type and the R376Q mutant on the plasma membrane, the wild-type PCFT pull-down sample was diluted 1:2, 1:4, and 1:8 before Western blot analysis (Fig. 1, bottom) . It can be seen that even at the 1:2 dilution (or 50%), the wild-type PCFT band was of lesser intensity than that of the mutant. Hence, the decrease in expression of the R3767Q PCFT mutant at the plasma membrane is small.
Functional analysis of PCFT R376 mutants; impact of transport substrate. Figure 2 illustrates the functional capacities of the various PCFT mutants using four different tritiated transport substrates at a concentration of 0.5 M: folic acid ( Fig.  2A) , 5-MTHF (Fig. 2B) , (6S)5-FTHF (Fig. 2C) , and MTX (Fig.  2D) . It can be seen that under these conditions, little or no function was detected for both mutants (R376W, R376Q) identified in the two patients with HFM. This was also the case for the R376A, R376C, and R376E PCFT mutants. On the other hand, there was substantial preservation of function for the R376K mutant, and to a lesser and variable extent, the R376H mutant. Hence, preservation of charge preserved substantial function.
A different pattern emerged when pemetrexed was the transport substrate. Pemetrexed is a new-generation antifolate that has the highest affinity for PCFT among all the folates and antifolates that have been studied (5, 34). As indicated in Fig. 3 , left, when extracellular substrate was 0.5 M, transport activity in cells transfected with the R376H or R376K mutants was greater than that of wild-type PCFT. Furthermore, residual transport activity was present for several of the other mutants (R376A, R376Q, R376C). This was much more apparent when the pemetrexed concentration was increased from 0.5 to 2.5 and 5.0 M (Fig. 3, right) . There was only a small further increase in influx mediated by the wild-type PCFT. On the other hand, transport mediated by the R376A, R376Q, and R376C PCFT mutants was comparable to, and transport mediated by R376H and R376K exceeded that of, wild-type PCFT at a pemetrexed concentration of 5 M. The only two mutants for which transport function could not be demonstrated at all were R376W, associated with HFM, and the oppositely charged, R376E. Hence, while this carrier prefers a positive charge at the 376 residue, the transporter can operate quite satisfactorily with a nonpolar or polar residue at this site. The increased activities detected at higher substrate concentrations were consistent with a higher K m for these PCFT mutants relative to wild-type PCFT. The data also indicated the important role the transport substrate can play in determining the activity, or activity potential, of a mutated carrier.
Influx kinetics as assessed in HeLa R1-11 cell transfectants. Figure 4 illustrates the influx kinetics for [ 3 H]pemetrexed in HeLa R1-11 cells transiently transfected with wild-type or the R376Q PCFT constructs. It can be seen that there was a substantial increase in the pemetrexed influx K m (P Ͻ 0.01) for the R376Q mutant (4.8 M) compared with wild type-PCFT (0.34 M). However, there was no significant difference in the influx V max (P Ͼ 0.79). Because of the technical difficulties in obtaining accurate influx kinetic measurements when carrier affinities are very low, K i values for 5-FTHF and 5-MTHF were determined on the basis of the inhibition of [ 3 H]pemetrexed influx (Fig. 5) . The K i for 5-FTHF increased from 0.56 to 22.2 M, while the K i for 5-MTHF increased from 1.24 to 21.0 M for wild-type versus the R376Q-PCFT mutant, respectively, on the basis of the measured pemetrexed influx K m indicated above. These kinetic constants are summarized in Table 1 . There was no significant difference in the magnitude of the increase in the influx K m for pemetrexed and the increase in influx K i for the reduced folates for the R376Q-PCFT mutant compared with wild-type PCFT.
Electrophysiological properties. PCFT-mediated transport is electrogenic reflecting the net positive charge of the cotransported folate and proton(s). Figure 6A illustrates currents generated in oocytes injected with wild-type PCFT and clamped at Ϫ90 mV. When the pH of the perfusing buffer was decreased from 7.5 to 5.5, current was detected. Hence, protons are transported via the carrier in the presence of a proton gradient in the absence of folate substrate. This channel-like phenomenon is referred to as "slippage" and was observed previously for an H247A PCFT mutant (23) . Current was markedly increased when a saturating concentration (50 M) of either 5-FTHF or pemetrexed was added. When the oocytes were again perfused with folate-free buffer at this pH, some current was detected, again reflecting slippage, returning toward baseline when the medium pH was returned to 7.5. Likewise for the R376-PCFT mutant, slippage was detected upon exposure to pH 5.5 buffer; however, the magnitude of current was markedly decreased upon exposure to 5-FTHF or pemetrexed in comparison to wild-type PCFT (Fig. 6B) .
Influx kinetics for pemetrexed (Fig. 7A) , 5-FTHF (Fig. 7B) , and 5-MTHF (Fig. 7C) in oocytes clamped at Ϫ90 mV were also assessed ( Fig. 7 and Table 2 ). It can be seen that the influx K m values of the R376Q-PCFT mutant for pemetrexed, 5-FTHF, and 5-MTHF were all increased compared with wild type-PCFT. There was no significant difference (P Ͼ 0.19) in the magnitude of the increases in K m among the three PCFT substrates (Fig. 7D) . Figure 7E indicates that there were substantial decreases in the influx I max for the three substrates in comparison to wild-type PCFT. The magnitude of the change for pemetrexed was greater than for the two reduced folates (P Ͻ 0.01). This decrease in I max for pemetrexed mediated by R376Q-PCFT was surprising since a decrease in V max was not observed in HeLa cells that express this construct. The impact of pH on influx mediated by the R376Q mutant. Figure 8 , right, illustrates the pH profile for pemetrexed obtained from an analysis of influx as a function of pH. Transport activity mediated by wild-type PCFT at neutral pH was detected along with a rapid rise in influx to a maximum at pH 5.5. There was no further influx increase when the pH was reduced to 5.0 and 4.5. Pemetrexed influx in cells transfected with R376Q-PCFT was negligible at pH 6.0, increased as the pH was decreased, and was comparable to that of wild-type PCFT at pH 4.5. The pH profile for 5-FTHF influx mediated by wild-type PCFT was similar to that observed for pemetrexed (Fig. 8, left) . On the other hand, 5-FTHF influx mediated by the The solution pH was initially 7.5, then switched to pH 5.5 (gray shading) to assess for folate substrateindependent currents. In this low-pH solution, oocytes were then exposed to 50 M 5-FTHF or 50 M pemetrexed (PMX), white bars, for 2-3 min following which the sequence was reversed. The data are representative of 4 -5 experiments from at least 3 separate donor Xenopus.
R376Q-PCFT mutant was quite different, showing only a small increase at pH 5.0, and while 5-FTHF influx mediated by R376Q-PCFT increased further at pH 4.5, it remained only ϳ25% that of wild-type PCFT. Hence, a reduction in pH could rescue the mutated carrier function when pemetrexed was the transport cosubstrate but not when 5-FTHF was the cosubstrate.
DISCUSSION
The current study represents the first analysis of the functional properties of a specific PCFT mutant identified in a subject with HFM. The R376W-PCFT mutation associated with HFM reported earlier lacked function (32) ; this was more rigorously confirmed in the current report. The data indicate that a positive charge is favored at this residue; indeed, substitution of R376 with the like-charged His or Lys resulted in enhanced pemetrexed transport. On the other hand, despite the salutary impact of the positive charge, it is not essential for function. Substitution with an Ala (nonpolar) or Gln (polar) residue preserved pemetrexed transport activity.
The kinetic basis for alterations in PCFT function appear to be related to the properties of the substituted residues as well as the transport substrate. Hence, while the Ala, Gln, and Cys substitutions resulted in marked loss of function when MTX, folic acid, and the reduced folates were substrates, activity could be detected with pemetrexed as substrate. In fact, transport equal to that mediated by wild-type PCFT could be achieved at saturating concentrations of pemetrexed in HeLa R1-11 cells that express these PCFT constructs (Fig. 3) . This was further quantified for the R376Q PCFT mutant by a kinetic analysis of [ 3 H]pemetrexed influx in which K m was substantially increased without a significant change in V max . In contrast, irrespective of the pemetrexed concentration, transport could not be detected for the Trp or the oppositely charge Glu mutant PCFTs.
The pH dependence of the R376Q PCFT mutant was markedly changed. As observed previously, there was appreciable transport of 5-FTHF mediated by wild-type PCFT at pH 6.0, comparable to the pH present at the microenvironment of the proximal jejunum where folates are absorbed (15) . This was also the case for pemetrexed and, for both substrates, transport mediated by wild-type PCFT was maximum at pH 5.5. However, for the R376Q mutant, 5-FTHF transport at low pH remained trivial while pemetrexed transport was restored to the level of wild-type PCFT. One possible explanation for these observations is that the R376 residue plays an important role in proton binding to the carrier which is the initial event in formation of the tertiary complex. This, in turn, would allosterically alter conformation of the binding pocket resulting in enhanced association with its folate substrates. Mutation of this residue would diminish proton binding, resulting in a decrease in the affinity for folates at the binding pocket. According to this paradigm, when the proton concentration is increased, proton binding to the carrier increases which, in turn, restores a conformation favorable for pemetrexed, but to a lesser extent for 5-FTHF, binding. It is also possible that the enhanced transport of pemetrexed at low pH might be related to protonation of pyrrolopyrimidine moiety that favors binding and translocation. A marked alteration in pH sensitivity was also observed for the H281A PCFT mutant, reported previously, due to a marked increase in influx K m without a change in V max ; decreasing the pH substantially reversed the K m increase (23) . A change in the pH profile was also detected with the E185A PCFT mutation, a residue required for proton coupling (24) . Hence, it would appear that a number of residues influence PCFT proton binding which, in turn, modulates folate substrate binding.
Electrophysiological studies confirmed a large, comparable, decrease in the affinity of the R376Q mutant carrier for pemetrexed and the reduced folates. In addition, the influx I max for 5-MTHF and 5-FTHF mediated by the R376Q mutant was markedly decreased in comparison to the wild-type PCFT. In contrast to the studies in HeLa cells, the I max for pemetrexed was also markedly decreased when transport was mediated by R376Q-PCFT. The basis for this difference for pemetrexed is not clear but could be related to the voltage clamp (Ϫ90 mV) in the oocyte experiments. The validity and physiological relevance of the measurements made in HeLa cells is supported by several observations. First, transport of [ 3 H]pemetrexed mediated by the R376Q, R376A, and R376C mutants was equal to that mediated by wild-type PCFT at a saturating concentration of 5 M, consistent with the preservation of the pemetrexed influx V max . Second, the changes reported for the kinetic parameters for pemetrexed as the pH is increased are much more modest than that observed for other folates and antifolates, further evidence for the unique properties of this antifolate (18, 34) . The electrophysiological studies also reproduced in oocytes that express R376Q PCFT the proton slippage associated with expression of the wild-type transporter, albeit of lesser magnitude, consistent with retention of channel-like properties of the mutant carrier.
From the perspective of intestinal folate absorption, dietary folate levels are so low that the wild-type carrier usually operates in a very unsaturated state. The degree of unsaturation is even greater when the carrier is mutated to a form with a very low affinity for its substrates, as in this case. While high oral folate loads can overcome a decrease in PCFT affinity, low maximum transport rates associated with the R376Q-PCFT mutant limits folate delivery at any load as observed for the physiological folate, 5-MTHF, and for 5-FTHF that was used to treat this patient. The relatively low pemetrexed influx K m mediated by the mutated R376Q, compared with the values for the reduced folates, beyond the preservation of influx V max , should also contribute to the preservation of activity of this mutant for this substrate by allowing saturation at much lower substrate concentrations than occurs with the reduced folates.
In HFM, when transport mediated by a mutated PCFT is absent, other routes of intestinal folate transport may be utilized, such as RFC. This allows patients with HFM to achieve normal folate blood levels and delivery to systemic tissues that is generally mediated by RFC that has a neutral pH optimum. However, this will not be sufficient to deliver adequate amounts of folates required for the developing infant brain because of the defect in transport into the central nervous system. About half the patients with HFM have neurological complications, often seizures as in this case (see Supplemental Material) (7, 14) . Under normal conditions, the CSF folate level is two-to threefold higher than the blood level. This gradient is most likely generated at the choroid plexus where PCFT (33), folate receptor-␣ (FR␣) (27, 28) , and RFC (26) are expressed. CSF folate is virtually absent in untreated patients with HFM. Hence, PCFT is essential for this process after birth and is assumed to be required throughout life. However, it is now clear that FR␣ is also required for the maintenance of CSF folate but with a different temporal role. Hence, when the receptor is mutated in humans, as recently reported, the syndrome of cerebral folate deficiency manifests several years after birth (3, 21) . The observations that both PCFT and FR␣ are at some point required in this process, the presence of one is inadequate in the absence of the other, is consistent with a tandem-like relationship. For instance, PCFT may be required for export of folates from acidified endosomes within the choroid plexus (33) . It is of interest that this patient was reported to have seizures following administration of folic acid; this is a phenomenon observed previously in HFM as well as other seizure disorders (11, 20) . While this may be coincidental, it is important to point out that folic acid is not found in nature, and binds essentially irreversibly to folate receptors (10) . This may, in fact, impair transport of physiological folates across the choroid plexus. Accordingly, patients with HFM should not be treated with folic acid (14) .
